Abstract. Identification of resistant or tolerant onion (Allium cepa L.) cultivars is crucial for the development of integrated management strategies for Iris yellow spot virus (IYSV). Exclusively vectored by onion thrips (Thrips tabaci), IYSV is a potentially devastating tospovirus of onion that has been confirmed to be present in 15 countries all over the world. In this study, 18 winter-sown onion entries were screened for IYSV symptom expression over two seasons. Over the growing season, straw-colored, necrotic lesions typical of IYSV infection were observed and rated for disease severity. Entries, NMSU 03-52-1, NMSU 04-41, NMSU 04-44-1, and 'NuMex Jose Fernandez', exhibited fewer symptoms than many other entries tested. 'Caballero', NMSU 04-57-1, NMSU 04-78-1, and 'Cimarron' exhibited more symptoms. Disease progression over time was rapid for entries exhibiting more symptoms and slow for entries exhibiting fewer symptoms. Enzyme-linked immunosorbent assay (ELISA) optical densities correlated poorly with the severity of disease symptoms. Trends in the disease progression over time emphasize the importance of rating IYSV symptoms late in the crop's development and to search for delayed disease progression rather than early symptom expression to determine IYSV susceptibility.
Iris yellow spot virus (IYSV) infects several crops of commercial importance with the most damage being observed on onion (Allium cepa L.) (Cortês et al., 1998; Gera et al., 1998) . IYSV has been confirmed in 15 countries (Gent et al., 2006; Hoepting et al., 2008; Huchette et al., 2008; Ward et al., 2008) and has been associated with up to a 100% loss in onion bulb and seed crops in Brazil (Pozzer et al., 1999) and losses of 50% to 60% in onion bulb production in Israel (Kritzman et al., 2001 ). In the United States, IYSV has spread rapidly to all major onionproducing states causing severe damage to onion bulb and seed crops (Creamer et al., 2004; Crowe and Pappu, 2005; du Toit et al., 2004a; Hoepting et al., 2007; Miller et al., 2006; Mohan et al., 2002; Mullis et al., 2004; Pappu and Matheron, 2008; Poole et al., 2007; Schwartz et al., 2002) . If the spread continues, the economic loss resulting from IYSV has been estimated to be $60 to $90 million annually (Gent et al., 2006) .
IYSV causes irregular or diamondshaped, straw-colored lesions that develop on leaves and seedstalks (du Toit et al., 2004a; Schwartz et al., 2002) . If IYSV symptoms become severe, bulb size is reduced and the yield of larger bulb classes is reduced . IYSV is transmitted exclusively by onion thrips (Thrips tabaci L.) (Kritzman et al., 2001; Nagata et al., 1999) , which acquire the virus during their larval stage and transmit the virus for their entire life. IYSV is neither seed borne nor soil borne (Gent et al., 2006; Kritzman et al., 2001) ; however, volunteer onions from previous years' IYSV-infected fields have tested positive for IYSV infection (du Toit et al., 2004a; . IYSV may overwinter in volunteer onions (Gent et al., , 2006 Nault et al., 2008; Schwartz et al., 2008) , onion cull piles (Nault et al., 2008) , alternate crops, and certain weed hosts (Cosmi et al., 2003; Gent et al., 2006; Nischwitz et al., 2007; Sampangi et al., 2007; Schwartz et al., 2008) . Gent et al. (2006) go on to speculate that viruliferous onion thrips may be associated with volunteer onion bulbs from the previous year's production or may be present in onion plant debris. In addition, transplants, already infected with IYSV or harboring viruliferous onion thrips, may be imported into a local production region (Gent et al., 2006; Schwartz et al., 2008) . All of these sources may contribute to the early IYSV infection of plants. Control of IYSV requires an integrated approach, including control of the vector, cultural practices, and genetic resistance/tolerance (Gent et al., 2006; Schwartz et al., 2008) . The primary means of controlling onion thrips is with insecticides, which has become more challenging as a result of the development of insecticidal resistance (Allen et al., 2005; Shelton et al., 2003) . Plants under disease, salt, nutrient, water, temperature, or other stress generally sustain more damage from IYSV (Gent et al., 2006) .
Several investigations have found that onion cultivars differ in their susceptibility to IYSV. However, no onion cultivar or breeding line has been found to be highly resistant to IYSV (Gent et al., 2006) . Creamer et al. (2004) reported differences in the IYSV incidence of three onion cultivars in growth chamber tests. du Toit et al. (2004b) rated 46 onion cultivars for IYSV severity and observed significant differences for IYSV susceptibility. IYSV incidence ranged from 58% to 97% among different cultivars. Schwartz et al. (2004) reported significant differences for IYSV incidence among onion cultivars when IYSV incidence ranged from 16% to 100% in and 13% to 61% in 2004 . Shock et al. (2008 found that 'Joaquin', 'Charismatic', and 'Affirmed' expressed some of the lowest IYSV ratings over a 2-year period. For each of these studies, natural IYSV inoculum levels were relied on for infection and disease symptom expression. In addition, tolerance to onion thrips feeding injury and onion thrips feeding preference (Coudriet et al., 1979; Hoffmann et al., 1996; Jones et al., 1934; Molenaar, 1984) may contribute to differences in IYSV incidence among onion entries.
In the absence of effective management measures, the identification of resistant or tolerant cultivars is crucial to the development of integrated management strategies for IYSV. There is a need to identify onion cultivars with better tolerance to IYSV and to determine various factors associated with IYSV symptom development such as virus titer and heat stress. This study was undertaken to screen New Mexico onion entries for tolerance to IYSV infection and of symptom expression and correlate the enzyme-linked immunosorbent assay (ELISA) optical density with IYSV symptom severity at different times during the crop season. (Fig. 1) . In addition, IYSV-infected bulbs were placed in the front and back of the study such that each test plot was surrounded by infected bulbs. The plants that had produced these infected bulbs had been tested in the previous year for the presence of IYSV by ELISA and the presence of IYSV was confirmed. The same field design was followed during the 2006 study with some differences in the location and the distribution of inoculum sources. IYSV-infected bulbs from the previous year were not placed between test plots. It was observed in the previous year that IYSV-infected bulbs that were in their second year of growth stopped producing leaves in April and initiated seedstalk formation. Because onion thrips preferred feeding site is onion leaf axils, these axils would disappear as a result of the presence of a seedstalk growing through this area. With the disappearance of leaf axils on seedstalk formation, it was hypothesized that onion thrips might migrate out of the field in search for other food sources. To provide a supply of leaf axil material longer into the season and to retain onion thrip populations in the field and around the test plots, IYSV-susceptible, short and intermediate breeding lines were fall-sown on 14 Nov. 2005 on alternate beds surrounding the test plots. These plants would not form seedstalks in the next year and would produce preferred feeding sites for onion thrips longer into the growing season before the plants matured. This study was planted next to a similar study where IYSV resistance in fall-sown onion entries was being evaluated and wherein IYSV-infected bulbs were placed on alternate beds. It was anticipated that onion thrips would spread IYSV from these bulbs to the breeding lines in this adjacent winter-sown trial.
Materials and Methods
Field management. All experiments were managed in a similar manner using standard cultural practices recommended for onion production in southern New Mexico conditions (Corgan et al., 2000) . In 2005, irrigation was withheld for the final 2 weeks of observations. No chemical sprays for onion thrips control were applied during the cropping season. A high onion thrips population was desired to ensure IYSV spread throughout the field. In 2005, Treflan 5G (trifluralin; Dow Agrosciences, Midland, MI) was incorporated preplanting to control weed growth. Directseeded onions would not grow in this field as a result of the application of this herbicide. Thus, for the 2005 test year, this herbicide application necessitated the use of onion transplants that were unaffected by the herbicide application. Plots were hand-weeded throughout the season. Fields were furrow-irrigated once per week. Fertilization was applied after the seeds were sown or after plants were transplanted in the field. Plots were harvested when 80% of the plant tops within the plot were down.
Disease ratings. 0.3** 0.6* 0.5*** 0.9*** 1.2*** z In 2005, seeds were sown in the greenhouse before being transplanted to the field on 23 Feb. In 2006, seeds were sown directly in the field on 20 Mar. y Each cell shows the disease rating of an entry on a particular date averaged over three replications. Ten randomly selected plants from each replication (plot) were rated for IYSV symptoms based on a scale of 1 (no disease symptom) to 9 (50% or more of the leaf tissue from a single plant was showing symptoms).
x Cells that have a disease rating of an entry averaged over two replications only. NS, *, **, *** = Nonsignificant F-test (17 df) for all entry levels at P = 0.05; significant F-test (17 df) at P = 0.05, P = 0.01, and P = 0.001, respectively. collected from 10 arbitrarily selected plants in each plot, which may or may not have been the same plants rated for IYSV disease severity on that particular date. In addition, the plants chosen for sampling within a single plot would have been different between the two sampling dates. Equal amounts (0.5 g) of leaf tissue were collected in 2-mL tubes by bulking the tips from the youngest leaves. The tissue samples may or may not have consisted of symptomatic tissue. In addition, samples were collected arbitrarily from 20 IYSV-infected bulbs or plants that were being used as inoculum sources for the study to confirm IYSV presence in the inoculum. Plant samples were collected to confirm the presence of IYSV by ELISA (Copeland, 1998) and reverse transcription-polymerase chain reaction (RT-PCR) (Cortês et al., 1998) . Samples were stored at -80°C for 1 month before they were analyzed.
Enzyme-linked immunosorbent assay. Indirect ELISA was performed to detect the presence and measure the concentration of IYSV in leaf tissue samples. Tissue samples were frozen in liquid nitrogen and ground to a powder before homogenizing with coating buffer. An equal amount of plant tissue (60 mg) was ground in liquid nitrogen and an equal amount was sampled for ELISA testing. The whole procedure was performed according to Copeland (1998) On an indicated date, samples from each plot were duplicated in adjacent wells. Mean ELISA absorbance (A 405 ) optical density (OD) values for a particular entry were calculated by averaging the values of samples taken from three replicated plots of that entry. Any OD values that were greater than the healthy control value plus four times the SD were considered positive for IYSV.
For the positive control, highly symptomatic onion leaf tissue was obtained from another field at the Fabian Garcia Science Center in Las Cruces, NM, and ground in the coating buffer. To prepare the healthy control, onion seeds were planted in flats containing Metro-Mix 360 (SUN GRO Ò ) and were grown in a growth chamber to avoid any type of insect pest and potential virus inoculation. Leaf tissue obtained from 6-week-old seedlings was ground in coating buffer. For the blank control, 100 mL of coating buffer was added to two wells for each sample run to block binding sites and to avoid any falsepositives.
Reverse transcription-polymerase chain reaction. Samples that tested positive for IYSV by ELISA were further analyzed by performing RT-PCR. Primer pair, IYSVP1 and IYSVP2, reported by Cortês et al. (1998) was used to amplify the IYSV nucleoprotein (NP) gene from infected tissue samples. Total RNA was extracted from 60 mg of leaf tissue using a QIAGEN RNeasy Plant Mini Kit (QIAGEN Inc., Valencia, CA) and RT-PCR was performed using a QIAGEN OneStep RT-PCR Kit (QIAGEN Inc.) in 0.2-mL PCR tubes (USA Scientific, Ocala, FL). Products of RT-PCR were purified using the QIAGEN PCR Clean-up Kit (QIAGEN Inc.) and sequenced by the dideoxynucleotide chain termination method (Sangler et al., 1977) on an ABI 3100 Automated DNA Sequencer (Applied Biosystems, Inc., Foster City, CA).
Statistical analysis. During 2005, plots with fewer than seven plants and entries with fewer than two replications on a particular date were considered missing data and were not used for statistical analysis. Severity rating and ELISA OD mean values was calculated for each entry over three replications using Proc Means statement in SAS (SAS Institute, Cary, NC). Differences between entries were estimated on each observation date using Proc General Linear Models statement in SAS. Fisher's protected least significant difference mean separation test was performed at the 5% level of significance to group the entries on the basis of averages on a particular date. Data for IYSV disease ratings were correlated with ELISA OD values in all entries using Proc Corr statement in SAS. For 2005, disease rating data collected on 7 June was correlated with the OD data of samples collected on 8 June, and disease rating data collected on 28 June was correlated with the OD data of samples collected on 28 June. In 2006, disease rating data collected on 14 June was correlated with the OD values obtained from samples collected on 13 June, and disease rating data collected on 14 July was correlated with the OD values obtained from samples collected on 17 July. Data for IYSV disease ratings and OD from 2005 were combined with that of 2006 to test the year-by-entry interaction.
Results and Discussion
By mid-April in both years, plants exhibited a few small, elongated, irregularshaped chlorotic spots at different sites on the leaves. These lesions expanded and became light yellow during the next 2 weeks. By the last week of May, these spots had turned necrotic and appeared as elongated, eyeshaped or irregular, straw-colored lesions. Eventually, leaves began to curl and twist at the site on the leaf where the IYSV lesions occurred. IYSV symptom severity increased during the growing season from a trial mean of 1.6 on June 1 to 5.2 on July 6, the last evaluation.
Tissue samples that showed a positive reaction in ELISA with polyclonal antisera against IYSV were used for RT-PCR testing. Entries exhibited different responses with respect to IYSV susceptibility and ELISA OD from year to year. A significant yearby-entry interaction was observed for IYSV severity ratings for all rating dates except 22 June 2006. For this reason, entry results for each year are discussed separately rather than averaged over years. There are many instances in which a particular entry changed rank from 1 year to the next with respect to both IYSV disease rating and OD.
In 2005, significant differences in IYSV disease symptom severity occurred among entries on all assessment dates except 21 June (Table 1) . NMSU 04-44-1 (1.1), NMSU 04-52-1 (1.2), and NMSU 04-87-1 (1.2) had significantly less severe IYSV symptoms than NMSU 04-41 (1.8), 'Caballero' (1.8), 'Excursion' (1.8), 'Candy' (1.9), and 'Madero' (2.0). 'Madero' had significantly more severe IYSV symptoms than nine other entries. On 7 June, NMSU 04-52-1 (1.4), NMSU 03-52-1 (1.6), and NMSU 04-87-1 (1.6) had significantly less severe IYSV symptoms than those with the most severe symptoms that included 'Caballero' (2.6), 'Cimarron' (2.6), 'SR 4001' (2.6), NMSU 04-52-2 (2.5), and 'Candy' (2.4).
On 14 June, 'Caballero' (3.4), 'Candy' (3.8), NMSU 04-52-2 (3.3), and 'SR 4001' (3.3) exhibited again more symptoms than NMSU 03-52-1 (2.0), NMSU 04-52-1 (2.0), NMSU 04-78-1 (1.8), NMSU 04-87-1 (1.6), and 'NuMex Jose Fernandez' (2.0) ( Table 1) . Two weeks later on 28 June, the disease began to progress quite rapidly for some of the entries, including 'Caballero' (4.7 to 6.3), NMSU 04-57-1 (3.9 to 4.7), 'Sierra Blanca' (3.6 to 4.9), and 'SR 4001' (4.5 to 5.4). NMSU 03-52-1 (2.8), NMSU 04-87-1 (2.9), 'NuMex Centric' (3.0), and 'NuMex Jose Fernandez' (3.1) exhibited significantly the least IYSV symptoms in the trial. By the last observation date on 6 July, all entries exhibited severe disease symptoms and some entries reached bulb maturity. 'Caballero' (6.8) exhibited more disease symptoms than all but six entries. In addition, 'SR 4001' (6.4), NMSU 04-57-1 (6.2), 'Sierra Blanca' (6.0), 'Cimarron' (5.9), NMSU 04-52-2 (5.9), and NMSU 04-78-1 (5.9) exhibited more symptoms than five other entries. NMSU 03-52-1 (4.0), NMSU 04-41 (4.3), NMSU 04-44-1 (4.5), NMSU 04-87-1 (4.5), 'NuMex Jose Fernandez' (4.6), and 'Rumba' (4.6) exhibited the least symptoms at this sampling date. Overall, NMSU 04-87-1, NMSU 03-52-1, and 'NuMex Jose Fernandez' had the lowest IYSV severity during 2005, whereas 'Caballero' had the most followed by 'Cimarron' and 'SR 4001'. In 2006, at the first disease rating on 8 June, values were less than two and there were no differences among entries (Table 1) . The next week, subtle differences were observed between entries. 'Cimarron' (2.1) and 'Excursion' (2.0) exhibited more symptoms than 10 other entries, whereas NMSU 03-52-1 (1.4) and 'Candy' (1.5) exhibited fewer symptoms than eight other entries. On 22 June, 'Excursion' (2.8) and NMSU 04-52-1 (2.7) exhibited more symptoms than all other entries, except 'Candy' (2.3), 'Cimarron' (2.3), and 'Madero' (2.3), whereas 'NuMex Centric' (1.6) and 'Caballero' (1.6) exhibited significantly fewer symptoms. By 29 June, 'Excursion' (3.2) exhibited more disease symptoms than all other entries, except 'Cimarron' (3.0) and 'Sierra Blanca' (2.7). In addition, 'Cimarron' exhibited more symptoms than 13 other entries. Conversely, NMSU 03-52-1 (1.8) and NMSU 04-44-1 (1.8) exhibited fewer symptoms than eight other entries. By 5 weeks on 6 July, a rapid progression of disease development occurred for 'Candy' (2.6 to 4.6), NMSU 04-87-1 (2.1 to 4.1), 'NuMex Jose Fernandez' (2.3 to 3.9), and NMSU 03-52-1 (1.8 to 3.3). At this date, 'Candy' exhibited more symptoms (4.6) than all other entries except 'Cimarron' (4.1), NMSU 04-87-1 (4.1), and 'NuMex Jose Fernandez' (3.9). In addition, plants of 'Cimarron' and NMSU 04-87-1 exhibited more symptoms than plants of seven other entries. All of these entries had significantly higher IYSV ratings than the best varieties, NMSU 04-52-2 (2.3), NMSU 04-57-1 (2.4), 'SR 4001' (2.5), NMSU 04-44-1 (2.6), and 'Caballero' (2.7). On the last observation date of 14 July, another large increase in symptom severity was observed from the previous week with the mean IYSV ratings increasing from 3.3 on 6 July to 7.2 on 14 July. Most entries were rated high for disease severity and exhibited an equal amount of disease at this time. NMSU 04-52-1 (8.3) and NMSU 04-57-1 (8.1) exhibited more disease symptoms than five other entries. NMSU 03-52-1 (4.6) exhibited fewer symptoms than all other entries followed by NMSU 04-41 (5.9), NMSU 04-44-1 (6.3), and 'NuMex Jose Fernandez' (6.6) that exhibited fewer symptoms than seven other entries. Overall, NMSU 03-52-1, NMSU 04-44-1, and 'SR 4001' had the least severe IYSV symptoms during the 2006 season, whereas 'Cimarron', 'Excursion', and 'Candy' had the most severe IYSV symptoms.
When averaged over both years, NMSU 03-52-1, NMSU 04-41, NMSU 04-44-1, and 'NuMex Jose Fernandez' exhibited fewer symptoms than most other entries by the last observation date. These four entries show the most promise for developing IYSV-resistant or -tolerant cultivars. 'NuMex Jose Fernandez' is a released cultivar (Corgan, 1994) , whereas the other three entries are breeding lines in the NMSU onion breeding program. Both 'Ben Shemen' and 'Peckham Yellow Sweet Spanish' onion cultivars were used in the development of 'NuMex Jose Fernandez' (Corgan, 1994) and NMSU 03-52-1 in addition to other cultivars that were different for the two entries. These two onion cultivars may be conferring some level of IYSV tolerance to the two tested entries.
In future screenings, entries should be grouped based on similar bulb maturity time. As plants near maturity, leaf senescence may enhance IYSV symptom expression or may be confused with IYSV symptoms. In addition, later-maturing entries or plants may express few IYSV symptoms or may appear to have fewer symptoms for their leaf mass than earlier maturing entries and thus appear to be more IYSV-resistant or -tolerant. In this instance, symptom expression and apparent resistance to internal proliferation of the virus or tolerance to the virus in the form of normal plant growth in the presence of the virus may be more a function of physiological age rather than true resistance or tolerance. By grouping entries based on their bulb maturity time, entries with more IYSV tolerance would be easier to identify. In this study, 'NuMex Jose Fernandez' matures 2 weeks earlier than NMSU 03-52-1 and NMSU 04-41 and shows great promise for IYSV tolerance of early-maturing, winter-sown yellow onion cultivars.
With the screening objectives in mind for this study, disease symptom expression in commercial onion fields would be expected to be less and the onset of disease to be delayed as compared with our experimental fields. Commercial fields would contain lower onion thrips populations and IYSV pressure and the crop would be grown under less stressful conditions. The entries tested in the study would be expected to perform better in commercial onion fields.
Several trends for disease progression over time were observed in both years. In 2005, for 'Caballero', 'Cimarron', NMSU 04-52-2, and 'SR 4001', the disease progressed at a rapid rate, and these entries exhibited more symptoms than most entries at each observation date. In 2006, the disease progressed at a rapid rate for 'Candy', 'Cimarron', and 'Excursion', which exhibited greater disease symptoms than most entries at each observation date. In both years, NMSU 04-57-1 and NMSU 04-78-1 had some of the least severe IYSV symptoms early in the season, but then had some of the highest severity ratings on the last observation. In both years, NMSU 03-52-1, NMSU 04-41, NMSU 04-44-1, and 'NuMex Jose Fernandez' consistently had some of the lowest IYSV severity ratings throughout the season and the lowest ratings on the final observation. With regard to disease development over time, the disease developed steadily in these entries. This development pattern suggests that selecting for IYSV resistance or tolerance might be more effective by searching for entries that develop symptoms slowly rather than those entries that develop symptoms rapidly. Assuming uniform disease and timing of IYSV establishment, the most accurate time to identify IYSV tolerance would be to assess IYSV symptom severity at the end of the season.
In future screenings, disease ratings conducted on the same plants in the plots at each rating date would be helpful for assessing disease development over time. In our study, arbitrarily selected plants were rated within the test plot at each rating date. It is highly likely that different plants were being rated from 1 week to the next. By rating the same plants on a weekly basis, plant-to-plant variation in symptom expression over time would be reduced on a plot basis.
Two entries performed differently from year to year. NMSU 04-52-1 had low to moderate IYSV severity ratings throughout 2005 and for most of 2006 until the last observation when it had one of the most severe IYSV ratings in the trial. 'SR 4001' had some of the most severe symptoms throughout 2005 and some of the least severe symptoms in 2006. From a breeding perspective, germplasm that exhibits a low amount and stable symptom expression over years is more desirable for disease resistance/tolerance development than germplasm that varies greatly year to year in its symptom expression. Like with many foliar diseases, symptom expression of IYSV is partially dependent on environmental conditions (i.e., temperature, moisture) that influence plant stress levels and onion thrips fecundity (Gent et al., 2006) . These environmental conditions can vary year to year and can vary within a single year or season. It is expected that IYSV symptom expression will vary from year to year (Shock et al., 2008) and also in the timing of onset within a single year.
For OD values, no differences were observed among entries in 2005 (data not shown). The mean OD values for each sampling date in 2005 were 0.051 and 0.096 for 7 June and 28 June, respectively (data not shown). These values were greater than those of the healthy control, 0.004 and 0.006, respectively, for the same sampling dates (data not shown). These results would indicate that entries were infected with IYSV. For 2006, differences were observed between entries for OD values at both sampling dates (Table 2) . On 12 June, plant samples from NMSU 04-44-1 exhibited a higher OD than plant samples from all other entries. Plant samples from NMSU 03-52-1 and 'NuMex Jose Fernandez' had the lowest OD. As compared with the healthy control, all of the entries would be considered positive for IYSV. On 17 July, samples from NMSU 04-57-1 and NMSU 04-44-1 exhibited a higher OD than samples from seven other entries. Conversely, samples from 'NuMex Centric' exhibited a lower OD than plant samples from seven other entries. As compared with the healthy control, all of the entries would be considered positive for IYSV. As mentioned earlier, grouping entries together based on their relative bulb maturity when designing future experiments may be helpful for comparing OD values between entries because the physiological age differences between entries may influence virus titer within plants.
No correlation was observed between average OD and average disease rating of entries in either year (data not shown). Optical density was not a good predictor for disease severity. For example, NMSU 04-44-1 had some of the highest OD readings, but also had the least severe IYSV symptom expression for both sampling dates. The lack of correlation suggests that other factors such as plant stress may be more of a determining factor in disease severity than apparent virus levels. In the future, sampling of the same plants in the plot over time would be helpful for examining a change in OD values over time. In addition, disease rating and sampling of the same plants within the plot would provide a better estimate for the correlation of these two traits. y Values in parentheses are the amount that the entry is greater than the healthy control +4 SD, i.e., Caballero value for 12 June is 2.04 times greater than the healthy control +4 SD. *, **Significant F-test (17 df) at P = 0.05, P = 0.01, respectively.
